Abstract The outcome of an Entamoeba histolytica infection is variable, and the contribution of genetic diversity within E. histolytica to human disease is not fully understood. The information provided by the whole genome sequence of the E. histolytica reference laboratory strain (HM-1:IMSS), and 13 additional laboratory strains have been made publically available. In this review, theories on the source of the unexpected level of structural diversity found in E. histolytica will be discussed.
Introduction
Globally, an estimated one million children die before their fifth birthday from diarrhea [1, 2] . There is a need to not only develop better strategies to treat diarrheal disease in low and middle income countries but also to prevent its occurrence.
Entamoeba histolytica the causative agent of amebic colitis has been identified as one of the causes of severe diarrhea in young infants [3•] . It has long been known that an E. histolytica infection does not necessarily result in symptomatic disease. The consequences of an infection are variable; it can cause diarrhea, amebic liver abscesses, latent disease, or asymptomatic carriage [4] . Earlier investigations have shown that host genetics, immunity, and bacterial milieu can influence the outcome of an infection [5, 6, 7•, 8•, 9 ]. E. histolytica strains however also exist with genetically predetermined differences in their potential to cause human disease [ Identification of the causal mutations and the mechanisms that increase parasite virulence in E. histolytica strains are however still to be discovered.
E. histolytica Structural Variation
Extrapolating from the available whole genome sequence data of the E. histolytica reference laboratory strain (HM-1:IMSS) and the additional sequenced laboratory strains, the level of nucleotide variation in the E. histolytica is relatively modest [17] [18] [19] . Analysis of both the genomic and genotyping data suggest however that genetic reassortment events are common in this species [10••, 12, 20•, 21•, 22-24]. Understanding the factors that can trigger genetic reassortment may provide important insights into parasite population dynamics and parasite phenotypes. It is feasible, for instance, that the association of different alleles made possible due to the high levels of recombination may allow the transient expression of polygenic traits which result in the increased virulence of E. histolytica strains.
The structural diversity in E. histolytica occurs despite the asexual reproduction of the vegetative trophozoite form. A fusion event between different trophozoite strains that co-infected the same host could be responsible for some of the observed diversity [12] . Thereafter, homologous recombination may potentially be promoted by the highly variable ploidy levels of the E. histolytica trophozoite [25] [26] [27] .
Possible Role of Repetitive Elements in Promoting Recombination in Entamoeba
In addition to LINE and SINE repeats Lorenzi et al. identified, novel repeat sequences in Entamoeba that were designated as Entamoeba repeat elements (ERE) 1 and 2 with the latter (ERE2) being specific to E. histolytica. Repeat sequences were estimated to account for 11.2 % of the E. histolytica genome [28] . In examining their sequenced genomes, Weedall et al. observed substantial copy number variation in E. histolytica strains and repeat elements at the border of the duplicated DNA [18] . It is therefore feasible to speculate that the abundant repeat elements may play a role in promoting the expansion of the different paralogous gene families that occur in E. histolytica isolates [18, 29] . This expansion in gene families provide an additional means of increasing gene diversity by permitting recombination between the paralogous gene copies as is postulated to have been increased the diversity in the gene families encoding the intermediate and light subunits of the Galactose and N-acetyl-D-galactosamineinhibitable lectin [30] .
E. histolytica Single Nucleotide Polymorphisms
The available whole genome sequencing data tends to support the findings of Ghosh et al. that many of the same polymorphic alleles exist in both Asia and the Americas [31] . Careful examination of the single nucleotide polymorphisms (SNPs) within the coding DNA of the sequenced strains suggest that over half of all SNPs could be found in at least one additional sequenced genome. Geographical distance diminished but did not eliminate this effect. In this review, SNPs found in more than one E. histolytica sequenced genome will be referred to as polymorphic SNPs as opposed to Bprivate^SNPs that have only been found in one strain.
Restricting the initial analysis of a strain to polymorphic SNPs provides a considerable advantage when examining the data from high throughput next generation sequencing as this can introduce sequencing errors [32] . Illumina sequencing chemistry is usually considered to have an error rate of ∼1 %, but the rapidly evolving Oxford Nanopore Technologies MinION system has a considerably higher rate of error (10-40 %) [33, 34] . Techniques exist to diminish the impact of these sequencing errors and a commonly used quality control method is to restrict confidence in a SNP until this region of DNA has been repeatedly sequenced. In Illumina sequencing 30-40X sequence depth or coverage is the most commonly used metric to ensure good quality SNP calls [34, 35] . Most sequencing software is conservative and will substitute the reference allele in cases of uncertainty or low confidence in a predicted SNP [36] . In metazoan organisms, this conservative approach has proven valuable however in E. histolytica where the default nucleotide in the HM-1:IMSS reference strain could be a SNP only found in this strain this system applied to low coverage data can prove highly misleading and should be avoided. The intergenic regions of E. histolytica often have regions of low sequence complexity. This lack of complexity can result in the misalignment of reads and sequencing artifacts which can increase sequence error rates [37, 38] . While improvements in sequence read length may lessen this risk in future studies, currently, a high sequencing standard is required for analysis of E. histolytica SNPs in non-coding DNA [33, 34] .
The SNPs identified within the current sequenced E. histolytica genomes can be split into three groups: private (as described above; found only in one sequenced genome), rare (the variant was observed infrequently), and polymorphic (found at high frequency). Multilocus sequence typing (MLST), a PCR-based fingerprinting method, involves amplifying and sequencing several polymorphic DNA regions [39] . . Currently, however, the sequence of the E. histolytica genome is not completely closed, and EHI_080100 (cyclin-2) is present on a short region (5 k) of contiguous DNA (DS571720) that could not be assembled into a larger DNA segment or sequence scaffold [19, 40, 41] . Additional studies are required to assess the strength of the association between the cyclin-2 allele and SNPs in its neighboring DNA with the virulence phenotype. They are also needed to place the assembled DS571720 DNA within a larger genomic context and identify if any neighboring SNPs are also associated with parasite virulence. No sequences equivalent to the DNA within the E. histolytica DS571720 contiguous sequences have been identified in the non-pathogenic E. dispar or other sequenced Entamoeba species.
Comparison Between the Genomes of Entamoeba Species
The Entamoeba species that are known to be clinically important and are commonly infecting the human population are E. histolytica and E. moshkovskii. Due to the fact that they are a confounding factor for the common microscopic method of diagnostics in Bangladesh, E. dispar and E. bangladeshi have also been the subject of additional study [42] [43] [44] [45] [46] . At the time of writing, the genome of E. bangladeshi has not been sequenced, however, preliminary evidence suggests that that all four species have a high degree of homology [7•, 18, 29, 47] . Despite this similarity, it has long been known that significant differences exist between the species, and it has been hypothesized that these may result in the disparity observed in their potential virulence [18, 20•, 48, 49] . In addition the genomes of E. histolytica, the genomes of E. dispar and E. invadens have been published, and the genomes of both E. moshkovskii and E. nuttalli made available for study [47, [50] [51] [52] .
Interestingly, there is no evidence of interspecies gene transfer between members of the Entamoeba genus. This is despite the data discussed above suggesting the existence of intraspecies genetic recombination in E. histolytica and the apparent lack of species specific immunity. Not only can different genotypes of E. histolytica infect the same host but coinfection of different Entamoeba species is relatively common in humans and other primates [12, [53] [54] [55] [56] . E. histolytica genes have been identified with a strong homology to those of prokaryotes which suggest that the mechanisms to integrate laterally transmitted genes exist in E. histolytica and even permit the usurping the role of even essential vertically transmitted paralogues [57] [58] [59] .
Either mechanisms exist that prevents fusion occurring between different members of the Entamoeba genus or an Entamoeba proofreading function exists that efficiently targets for destruction somewhat similar sequences which reduces the lateral transfer of genetic material from coinfecting Entamoeba strains.
Conclusions
Molecular sequencing methods are evolving at a rapid rate and provide a powerful high-resolution method to study parasite evolution [60] . E. histolytica isolates in particular provide a unique opportunity to study the effect of SNPs on parasite virulence in a number of genetic contexts. Much remains to be learned however about the mechanism by which the high natural rate of recombination is induced in this parasite. 
